from water vapour on ammonia (NH 3 ) measurements was developed using an optical laser 13 sensor based on cavity ring-down spectroscopy (CRDS). This correction relied on new 14 measurements of the collisional broadening due to water vapour of two NH 3 spectral lines in the 15 near infra-red (6548.6 and 6548.8 cm −1 ), and on the development of novel stable Primary 16
Introduction 25
Over the last century modern intensive farming practices, the increased use of nitrogen-based 26 fertilisers, and certain industrial processes are believed to be responsible for increases in the 27 ambient amount fraction of ammonia (NH 3 ) found in Europe [1, 2] . Emission and deposition of 28 NH 3 both contribute to eutrophication and acidification of land and freshwater, and may lead to a 29 2 loss of biodiversity and undesirable changes to the ecosystem. Ammonia also affects the long 30 range transportation of acidic pollutants such as sulfur dioxide and the oxides of nitrogen, and 31 contributes to the production of secondary particulate matter (PM). 32
In the European Union (EU), NH 3 ecosystems. Controlling ammonia is also important for reducing particle emissions of PM 2.5 and 41
PM 10 . A recent study [7] employing three chemical transport models found an underestimation 42 of the formation of ammonium particles, and concluded that the role of NH 3 on PM is larger than 43 originally thought. 44
Monitoring ammonia however poses a number of challenges: there is a lack of regulation on 45 which analytical techniques to employ, the required uncertainties for the measurements, the 46 establishment of agreed quality control and quality assurance (QC/QA) procedures, or the 47 Figure 1 shows the pertinent molecular spectra for the conditions of our measurements, 108 computed from the HITRAN 2012 database [20] for a gas sample containing 10 nmol mol 
1%). 112
The strongly absorbing line pair at 6548.6 cm −1 and 6548.8 cm −1 is measured to determine the 113 ammonia amount fraction, while the water and CO 2 lines around 6549.1 cm −1 provide a 114 frequency reference for long-term stabilisation of the WLM. The water lines also deliver the 115 measurement of the water vapour amount fraction in the sample, which is used to correct for 116 systematic effects of water vapour on the ammonia measurement. 117
The ammonia amount fractions reported by the standard analyser are derived from least-squares 118 fitting of measured absorption spectrograms to a spectral model of absorption versus frequency 119 for the three molecular species that are measured. Molecular absorption is modelled as a sum of 120 discrete spectral lines, each of which is described by a Galatry profile The Galatry line shape function, G(x), is specified by four parameters: the line centre ν 0 (in units 127 of cm −1 ), the Doppler width σ (in units of cm −1 ), and two dimensionless shape parameters, y and 128 z. Physically, the parameter y has the same meaning as for the Voigt profile, namely the ratio of 129 the rate of transition dipole dephasing collisions to the Doppler width, while the parameter z can 130 be described as the rate of velocity changing collisions to the Doppler width. 131
The independent variable x is the dimensionless detuning and is defined by Equation (2): 132 Here the dimensionless detunings, x i , are given by Equation (2) evaluated with the appropriate 151 centre frequency for each individual line. 152
The spectral model used in the G2103 CRDS instrument is based on high-resolution spectra of 153 the known gases, from which the line shape parameters [22] (i.e. line centres and shape 154 parameters y and z, for the lines in Figure 1) Figure 1 ) and two very strong lines at 6547.2 cm −1 and 6549.8 cm −1 (not shown in Figure 1 ), the 162 off-resonant "tails" of which contribute measurably to the absorption in the ammonia region. For 163 water and ammonia, which have more than one absorption line in the spectral model, the 164 coefficients A i in Equation (5) have fixed proportions, which are also determined from the high-165 resolution spectra: therefore only one A coefficient is needed to specify the magnitude of the 166 molecular absorption. 167
To measure the composition of an unknown sample the CRDS analyser acquires spectra, 168 expressed as cavity loss per unit length versus frequency. To achieve the maximum data rate in7 this analysis mode, the spectrum is sampled on a grid of adjacent cavity modes spaced by the 170 cavity free spectral range, equal to approximately 0.02 cm −1 in the case of this instrument. 171
Therefore no gross mechanical motion of the cavity mirrors (which would slow the data 172 acquisition) is needed. The doublet of ammonia lines at the low-frequency end of Figure 1 is 173 sampled approximately every 2 s by 160 ring-down measurements on 10 cavity modes. 174
Approximately once every 30 s the entire range of Figure 1 is sampled by 160 ring-downs on 36 175 modes; this longer scan is used only to update the water concentration and the absolute 176 frequency calibration of the wavelength monitor. In either case, the analyser performs a non-177 linear least-squares fit (Levenberg-Marquardt algorithm) to determine the parameters in the 178 spectral model which minimize the deviation of the modelled absorption from the measured data. 179
In this fitting procedure the line centres and shape parameters are fixed. 180
There are therefore only five free parameters, namely: the magnitude of absorption for 181 ammonia, carbon dioxide, and water, an offset describing the empty-cavity absorption, and a 182 global frequency offset, due to the fact that the WLM does not provide an absolute frequency 183
scale. 184
The frequency offset is used to continually update the WLM readout software, so that the 185 reported optical frequency is always very close to the correct value. The optical absorption due 186 to ammonia is reported as the absorption coefficient at the peaks of two strong ammonia lines 187 that were measured at 6548.6 cm −1 and 6548.8 cm −1 . The two are averaged, and a linear 188 transformation is applied to convert from absorption to amount fraction. Similarly, the 189 absorption at the peak of the spectral line at 6549.1 cm Close to 100 spectra were collected for the three water vapour amount fractions listed and then 223 individually fitted with Galatry profiles, allowing the y parameter to be adjusted to deliver the 224 best-fit value. For completeness, an example spectrum with its fitted model and fit residuals is 225 shown in Figure 3 . The simplified model made use of three spectroscopic lines for ammonia, 226 neglecting several of the very weak lines. This is adequate to ensure that the agreement between 227 the recorded ammonia absorption and the model is considerably better than ±1%, and also to 228 quantify the variation of NH 3 line width with water vapour concentration. A commonly used 229 figure of merit for the fitting procedure is the ratio of the peak absorption to the root-mean-230 square residuals, designated as "signal-to-noise ratio" by Cygan et al. [23] and as "quality of fit" 231 9 232 by Lisak et al. [24] For the data provided in Figure 3 , where the spectrum is complex because the 243 lines are not completely isolated, this measure is approximately 160. This is sufficient for this 244 application, but is not as high as could be achieved with very well isolated lines that can serve as 245 much better tests of spectral line shape theory. 246
The use of a Galatry profile led to an improvement (+35 %) in the quality of the spectral fit 247 compared to using a Voigt profile; in addition, the quality of fit was essentially found to be the 248 same for all three humidity conditions considered here. These validation tests enabled us to 249 10 250 
Preparation and Validation of NH 3 Primary Standard Gas Mixtures 326
An accurate ammonia Primary Standard Gas Mixture (PSM) was necessary to be able to produce 327 test atmospheres of known ammonia content. Due to the reactivity of ammonia, the preparation 328 of gas mixtures is affected by a series of issues, including adsorption onto internal surfaces and 329 reaction with impurities in the matrix gas used, as highlighted by the lack of consensus between The stability over time of the PSM used for the dilutions, NPL30718 (as described in Section 2.4 373 below) was monitored by recertifying it against newly made mixtures, nominally at the same 374 375 
Generation of trace ammonia amount fractions for spectroscopic measurements 380
Tests were carried out to establish the response of the CRDS spectrometer to well-characterised 381 humidified atmospheres containing ammonia and to confirm that the changes incorporated by the 382 manufacturer into the CRDS design were successful in removing water cross interference effects 383 and delivering improved values of the NH 3 amount fraction. 384 A NH 3 /N 2 Primary Standard Gas Mixture (Cylinder NPL 30718) was employed to carry out the 385 main ammonia evaluation tests. The PSM contained a certified ammonia amount fraction of 386 99.95 ± 2.00 µmol mol −1 in a cylinder treated internally with the Aculife IV™ commercial 387 passivation process. 388
The PSM was subsequently diluted with known amounts of high purity diluent air (Peak 389 Scientific) and water vapour to generate various ammonia atmospheres in the nmol mol for the same input amount fractions as transformed by Equation (7). 449
In this example each of the amount fractions reported by the CRDS were background subtracted 450 using the apparent NH 3 amount fraction obtained from a sample of humidified zero air at 60% 451 RH, and scrubbed free of ammonia. A similar subtraction procedure was carried out for the other 452 NH 3 lack of fit data, using the corresponding zero gas (either dry or humidified) applicable to a 453 relative humidity of: 0%, 40%, 50% and 70%. 
459
To generate the lack of fit plots, uncertainties were assigned to each of the NH 3 input amount 460 fractions, in preparation for analysis using XLGENLINE, which is a Generalised Least Squares 461 (GLS) Microsoft Excel-based software package for low degree polynomial fitting developed at 462 NPL [30] . This was also used in the analysis of the water vapour data detailed above. Table 2 summarises the output gradients calculated by XLGENLINE for all the NH 3 atmosphere 478 lack of fit plots, each applicable to a relative humidity of: 0%, 40%, 50%, 60%, and 70%. The 479 column marked "NH 3 _raw" shows the gradients obtained for results generated with the original 480 CRDS instrument configuration, together with their combined expanded standard uncertainties 481 (with a coverage factor k = 2, providing a coverage probability of approximately 95%). The 482 column marked "NH 3 _corrected" shows the corresponding gradients generated using the 483 modified CRDS instrument configuration, designed to account for the influence of water vapour. 484
As expected, the gradient results obtained for the dry ammonia data are similar for both 485 "NH 3 _raw" and "NH 3 _corrected". The trend for the humidified ammonia data shows a departure 486 from the supplied amount fraction in "NH 3 _raw", which within the uncertainty is rectified in 487 "NH 3 _corrected" for all the conditions tested. 488 489
Error propagation and uncertainty analysis 490
In each case, the NH 3 amount fractions delivered to the CRDS ( , in units of nmol mol −1 ) 491 were calculated using Equation (9) The sources of error identified include the NH 3 amount fraction of the parent cylinder, individual 499 repeatability standard deviations in the mass flow rates, mass flow controller temperature 500 dependencies, gravimetric water calibration (including balance drift), mass flow meter 501 calibrations, and time. Errors were then allocated to each term in Equation (9) 
Conclusion 517
The collisional broadening due to water vapour of two ammonia (NH 3 ) lines in the near infra-red 518 (6548.6 and 6548.8 cm analyser has potential use as a "spectroscopic reference instrument" for monitoring ammonia in 530 future exposure chamber tests to validate diffusive and pumped samplers, and also for field 531 measurements. 532 533 534
